The analysis and modeling of the response of parts of the body provides valuable insight into many features of the head-related transfer function (HRW. In spatial sound simulations, partial models, such as the spherical head model, can also generate simple and effective approximate localization cues. In this paper, we consider the composition of an approximate HRTF from the responses of structural components by making use of detailed measurements of isolated pinnae and of a pinna-less head and torso. We determine that such a composition is sensitive to additional geometric parameters that can be obtained from anthropometry. We show that, with such parameters, simple composition rules can produce a good correspondence between measured and composite HRTFs.
INTRODUCTION
Head-related transfer functions (HRTFs) depend explicitly on frequency and the spatial location of the source relative to the listener, and implicitly on the size and shape of the listener's body. Much of the complexity of HRTFs stems from the combination of the separate effects of the torso, head, and pinnae, each of which scatters incident sound waves in different but overlapping frequency bands.
It has recently been shown that the complete HRTF can be computed by solving the wave equation subject to the boundary conditions presented by the surface of the body [l, 21. Although this approach is very promising and may ultimately replace acoustic techniques for measuring HRTFs, it is still important to understand how the various components of the body influence HRTF behavior. The use of models provides an important way to gain this understanding.
Lord Rayleigh's classical model of the head as a rigid sphere explains much of the behavior of the interaural time difference (ITD), as well as some of the behavior of the interaural level difference (ILD) [3] . The Lopez-Poveda/Meddis model of the concha as a spiral-shaped cylinder explains the behavior of the so-called "pinna notch" [4] . Shaw's more complex model of the pinna provides insight into the various pinna resonances and general highfrequency HRTF behavior [5] . Our own work with ellipsoidal models for the torso explains the effect of torso reflections on lowfrequency HRTF behavior [6].
Genuit first proposed the representation of HRWs as a combination of filter structures, each component accounting for the contributions of a corresponding anatomical structure [7] . We shall refer to such a representation as a structural model. As a simple example, one might hypothesize that a spherical head model can be used to estimate the sound field in the vicinity of the pinna, and that a pinna model can then be used to estimate the sound field that enters the ear canal. Thus, the HRTF might be represented by a cascade of two filters, one for the head and the other for the pinna. Indeed, we take exactly such an approach in this paper, except that the first filter will account for the combined effects of the head and torso.
Because each filter block corresponds to a specific anatomical structure, filter parameters can be related to specific anthropometric measurements, such as the head radius or the concha diameter.
This allows the use of anthropometry to adapt a generic HRTF model to a particular listener, or to account for the effects of posture on the HRTF. However, any decomposition of the HRTF into a combination of filters, where each filter represents the effects of one anatomical structure in isolation, is a heuristic approximation. There are interactions between the waves scattered from the different structures, and it is not clear that it is really possible to recover the full HRTF from HRTFs for different parts of the body measured in isolation.
Our purpose in this paper is to illustrate the composition of an HRTF from transfer functions for structural parts, and to show that structural modeling can, in fact, provide a good approximation to real HRTFs. During the past three years we have assembled a substantial database of measured HRTFs with corresponding anthropometry [8] . More recently, we have measured the spatial responses of a number of isolated pinnae. We first report on the measurement of the responses of the isolated pinnae and of the head-torso combination, and identify key features that the pinna, head and torso contribute to the total HRTF. We then determine and discuss the geometry of the relative positions of these components determined by anthropometry. Based on this geometry, we propose an approximate HRTF as a simple cascade model of the structural components. Although psychoacoustic evaluation remains to be done, we show that such a composition rule can produce a good approximation to the measured HRTF.
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Investigation of the separate effects of the pinna and the headtorso combination is easily done for the KEMAR mannequin, which has removable pinnae. Measurement of the HRTF without pinna identifies the contributions of the head/torso combination. The re-sponse of the isolated KEMAR pinna can also be measured by a method that we describe below. For live subjects, the response of isolated pinnae can be measured using plaster castings made from molds of the pinnae. It is also feasible to measure an approximate pinna-less HRTF for live subjects by having them wear a shower cap that flattens the pinnae, with microphones mounted at the position of the ear canals. We now describe the methods and results obtained in such a decomposition.
Pinna-related transfer function (PRTF)

Measurements
We have developed an apparatus and a method for measuring the response of the isolated pinna on a plane. The apparatus provides a good approximation to the ideal case of a pinna mounted on an infinite plane. The pinna is placed on a circular plate surrounded by a rectangular table (see Fig. 1 ). The circular plate mounted on the turntable allows for the continuous rotation of the pinna. The ear canal of the pinna, positioned at the center of rotation on the plate, is at the center of a hoop with a one-meter radius. The plane defined by the hoop is perpendicular to the plane of the plate. The impulse response of the pinna at a specific azimuth and elevation is measured by playing bursts of sound (Golay codes) through the speakers while recording with the microphone placed in the ear canal of the pinna [9] . The resulting response is compensated by making similar measurements with the pinna removed from the plane. Thus, the PRTF measures the change in response produced by the scattering introduced by the pinna.
3.
angle 8, elevation angle 4, and range T . The azimuth angle is the angle between a vector to the sound source and the vertical median plane, where I9 = +90" corresponds to a source pointing directly into the right ear and 0" corresponds to a source pointing directly at the front of the head.' The coordinate system of the pinna-related transfer function, or PRTF, is ear-canal-centered rather than head-centered. Such a system (see Fig. 2 ) is exactly the same as the headcentered system except for a small azimuth and range offset that is negligible if the size of the head is small compared to the range to the sound source. Because the source is never located below the pinna on the plate, the PRTF data set corresponds to ipsilateral HRTF data. Therefore for a right pinna the azimuth ranges from 0" to +go", and for a left pinna the azimuth ranges from 0" to -90".
Analysis of the pinna response The absence of the head and torso contributions enhances and simplifies the appearance of the salient features due to the pinna. Fig. 3 shows the frequency response for the KEMAR large pinna for a 25" cone of constant azimuth ("cone of confusion"). The response was measured every 5", smoothed with a critical-band filter, and displayed as an image, with dB magnitude mapped to grayscale. The resulting response is substantially simpler than that for the complete HRTF. We can see the pinna notches at low elevations, both front and back. Fig. 3b shows the frequency response for 0" elevation.' The PRTF varies slowly as a function of azimuth until -150", where a pronounced attenuation or shadow due to the pinna becomes apparent.
2.
Figure 1 : Measurement of an isolated pinna on a plane
Coordinate Systems In the measurement of HRTF data we have adopted a headcentered interaural-polar coordinate system. A sound source location in such a system is characterized by the azimuth
Response of the head and torso (HAT)
The HAT response HH of the pinna-less KEMAR mannequin was also measured densely in both azimuth and elevation. Fig. 4 shows the results for a 25" cone of confusion. In the frequency domain, the dominant features are arch-shaped notches (Fig. 4a ) that correspond to torso reflections in the time domain (Fig. 4b) [6] . Note that the amplitude of these notches fades out at high frequencies when the sound source is at higher elevations. This corresponds to 'Note that these angles are different from the angles in a vertical-polax 21n Figure 3b , we use a vertical-polar azimuth rather that the interauralcoordinate system, although we use the same terminology for them. polar azimuth to show the response in back as well as in front. 
HAT AND PINNA COMPOSITE GEOMETRY
The orientation of the pinna with respect to the head varies significantly from person to person, and has a strong effect on the HRTF[10]. In the HAT coordinate system, the pinna orientation can be specified by three Euler angles: a outward flare 0, and downward dip 8d that bring the reference plane for the pinna tangent to the head at the entrance to the ear canal, followed by a counterclockwise rotation 0, about the normal vector (see Fig. 5 ).
Given these angles, and given the azimuth and elevation for the HAT data, one can determine the corresponding azimuth and elevation for the isolated pinna data.
COMPOSITE HRTFS
In the reflection and scattering of sound waves that result in the full HRTF, the interaction of the components is complex, since the torso reflections and scattering will impinge on the pinnae from low-elevation directions and combine or interfere with the direct sound to the pinna. However, examination of the HAT response, of the pinna response and of the full HRTF suggests a simple model and composition rule. The impulse response HAT data in Fig 4b leads us to hypothesize that sound waves reach the ear by two distinct paths, and suggests the model shown in the upper part of Fig 6. We write 
Composite HRTF for KEMAR
We illustrate the composition process and the resulting composite KEMAR HRTF in Fig. 7 . The HAT response for the 25" cone of confusion is shown in Fig. 7a . As we have discussed, the PRTF has to be remapped to align the geometry of the pinna with that of the head and torso. We measured the following values for the large [21] [22] [23] [24] October 2001, New Paltz, New York KEMAR pinna: Of = 4", 0d = 11" and 0, = 5". Fig. 3a shows the PRTF at an azimuth of 25". Transformation of that data to the HRTF coordinates result in the pinna response shown in Fig. 7b . In addition to shifting the response, the remapping produces some changes in the depth of the notches for locations in back (elevations above 90"). The composition of pinna and HAT response is illustrated in Fig. 7c and can be compared to the measured HRTF of Fig. 7d . We have assumed that Hh = H $ , so that the composite HRTF is computed simply as the sum in dB of the HAT response and the geometrically corrected PRTF response. Visually, the two HRTFs are in good correspondence. The complex behavior of the composite HRTF can be seen to be the consequence of the considerably simpler behaviors of the components. 
DISCUSSION AND CONCLUSIONS
Structural analysis of the HRTF is a promising approach to understanding and modeling the distinct contributions of the head, torso and pinna. The composition of such partial contributions requires other anthropometric parameters that specify the relative position and orientation of the components. Once these additional parameters have been specified, simple composition rules may provide an effective substitute for a measured HRTF. Additional work is needed to fully investigate and evaluate this approach. Preliminary investigations at other azimuth angles produced similar results for azimuth angles above 15". For azimuths between 0" and 15", the pinna notches are not well reproduced when the source is in back. This is perhaps to be expected, because the difference between mounting the pinna on a plane and on a head becomes significant near the median plane. Obviously, the approach breaks down completely on the contralateral side, where we cannot measure the contribution of the isolated pinna at all. However, it is possible that the contralateral HRTF can be adequately approximated from the ipsilateral HRTF by using a spherical-head model [ 1 11.
The ultimate measure of the effectiveness of any approximate HRTF is how faithfully it recreates spatialized sound. A formal psychoacoustic evaluation of such a complete composite HRTF is a future task. However, these empirical results are encouraging, and bring us closer to our goal of substituting simple geometric or mathematical models for complex measurements.
